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Abstract
In this article, we study the vertexes Ξ∗QΞ
′
QV and Σ
∗
QΣQV with the light-cone
QCD sum rules, then assume the vector meson dominance of the intermediate φ(1020),
ρ(770) and ω(782), and calculate the radiative decays Ξ∗Q → Ξ′Qγ and Σ∗Q → ΣQγ.
PACS numbers: 11.55.Hx, 12.40.Vv, 13.30.Ce, 14.20.Lq, 14.20.Mr
Key Words: Heavy baryons; Light-cone QCD sum rules
1 Introduction
The charm and bottom baryons which contain a heavy quark and two light quarks are
particularly interesting for studying dynamics of the light quarks in the presence of a heavy
quark. They serve as an excellent ground for testing predictions of the quark models and
heavy quark symmetry [1, 2]. The three light quarks form an SU(3) flavor triplet 3, two
light quarks can form diquarks of a symmetric sextet and an antisymmetric antitriplet,
i.e. 3× 3 = 3¯+ 6. For the S-wave charm baryons, the 12
+
antitriplet states (Λ+c , Ξ
+
c ,Ξ
0
c),
and the 12
+
and 32
+
sextet states (Ωc,Σc,Ξ
′
c) and (Ω
∗
c ,Σ
∗
c ,Ξ
∗
c) have been well established;
while the corresponding bottom baryons are far from complete, only the Λb, Σb, Σ
∗
b , Ξb, Ωb
have been observed [3]. Furthermore, several new excited charm baryon states have been
observed by the BaBar, Belle and CLEO Collaborations, such as Λc(2765)
+, Λ+c (2880),
Λ+c (2940), Σ
+
c (2800), Ξ
+
c (2980), Ξ
+
c (3077), Ξ
0
c(2980) , Ξ
0
c(3077) [4, 5, 6].
In Ref.[7], we assume the charm mesons Ds0(2317) and Ds1(2460) with the spin-parity
0+ and 1+ respectively are the conventional cs¯ states, and calculate the strong coupling
constants 〈D∗sφ|Ds0〉 and〈Dsφ|Ds1〉 with the light-cone QCD sum rules, then take the
vector meson dominance of the intermediate φ(1020), study the radiative decays Ds0 →
D∗sγ and Ds1 → Dsγ. In Refs.[8, 9], we calculate the masses and the pole residues
of the 12
+
heavy baryons ΩQ and the
3
2
+
heavy baryons Ω∗Q with the QCD sum rules.
Moreover, we study the vertexes Ω∗QΩQφ with the light-cone QCD sum rules, then assume
the vector meson dominance of the intermediate φ(1020), and calculate the radiative decays
Ω∗Q → ΩQγ [10].
In this article, we extend our previous works to study the vertexes Ξ∗QΞ
′
QV and Σ
∗
QΣQV
with the light-cone QCD sum rules 2, then assume the vector meson dominance of the
intermediate φ(1020), ρ(770) and ω(782), and calculate the radiative decays Ξ∗Q → Ξ′Qγ
and Σ∗Q → ΣQγ to complete our works on radiative decays among the 12
+
and 32
+
sextet
states (ΩQ,ΣQ,Ξ
′
Q) and (Ω
∗
Q,Σ
∗
Q,Ξ
∗
Q). In Ref.[11], Aliev et al study the radiative decays
1E-mail,wangzgyiti@yahoo.com.cn.
2The results of the strong coupling constants among the nonet vector mesons, the octet baryons and
the decuplet baryons will be presented elsewhere.
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Σ∗Q → ΣQγ, Ξ∗Q → ΞQγ and Σ∗Q → ΛQγ with the light-cone QCD sum rules, where the
light-cone distribution amplitudes of the photon are used.
The light-cone QCD sum rules carry out the operator product expansion near the
light-cone x2 ≈ 0 instead of the short distance x ≈ 0, while the nonperturbative hadronic
matrix elements are parameterized by the light-cone distribution amplitudes instead of
the vacuum condensates [12, 13, 14]. The nonperturbative parameters in the light-cone
distribution amplitudes are calculated with the conventional QCD sum rules and the values
are universal. Based on the quark-hadron duality, we can obtain copious information about
the hadronic parameters at the phenomenological side [14, 15, 16]. The ρNN , ρΣΣ, ρΞΞ
and other strong coupling constants of the nonet vector mesons with the octet baryons
have been calculated using the light-cone QCD sum rules [17, 18, 19]. In Refs.[20, 21],
Aliev et al study the strong coupling constants of the pseudoscalar octet mesons with the
octet (decuplet) baryons comprehensively. In Refs.[22, 23], we study the strong decays
∆++ → pπ, Σ∗ → Σπ and Σ∗ → Λπ using the light-cone QCD sum rules. Moreover,
the coupling constants of the vector mesons ρ and ω with the baryons are studied with
the external field QCD sum rules [24]. Recently, the strong coupling constants among the
light vector mesons and the heavy baryons are calculated with the light-cone QCD sum
rule in the leading order of heavy quark effective theory [25].
The article is arranged as follows: we derive the strong coupling constants g1, g2 and
g3 of the vertexes B
∗
QBQV with the light-cone QCD sum rules in Sect.2; in Sect.3, we
present the numerical results and discussions; and Sect.4 is reserved for our conclusions.
2 The vertexes B∗QBQV with light-cone QCD sum rules
We parameterize the vertexes B∗QBQφ, B
∗
QBQρ and B
∗
QBQω with three tensor structures
due to Lorentz invariance and introduce three strong coupling constants g1, g2 and g3 [26],
〈BQ(p+ q)|B∗Q(p)φ(q)〉 = U(p + q) [g1(qµ 6ǫ− ǫµ 6q)γ5 + g2(P · ǫqµ − P · qǫµ)γ5
+g3(q · ǫqµ − q2ǫµ)γ5
]
Uµ(p) , (1)
〈BQ(p + q)|B∗Q(p)ρ0/ω(q)〉 =
1√
2
U(p+ q) [g1(qµ 6ǫ− ǫµ 6q)γ5 + g2(P · ǫqµ − P · qǫµ)γ5
+g3(q · ǫqµ − q2ǫµ)γ5
]
Uµ(p) , (2)
where the U(p) and Uµ(p) are the Dirac spinors of the heavy baryon states BQ (Ξ
′
Q, ΣQ)
and B∗Q (Ξ
∗
Q, Σ
∗
Q) respectively, the ǫµ is the polarization vector of the mesons φ(1020),
ρ(770) and ω(782), and P = 2p+q2 .
In the following, we write down the two-point correlation functions Πµ(p, q),
Πφ/ρ0µ (p, q) = i
∫
d4x e−ip·x 〈0|T {J(0)J¯µ(x)} |φ/ρ0(q)〉 , (3)
JΞ(x) = ǫijkqTi (x)Cγµsj(x)γ5γ
µQk(x) ,
JΣ(x) = ǫijkqTi (x)Cγµq
′
j(x)γ5γ
µQk(x) ,
JΞµ (x) = ǫ
ijkqTi (x)Cγµsj(x)Qk(x) ,
JΣµ (x) = ǫ
ijkqTi (x)Cγµq
′
j(x)Qk(x) , (4)
2
where Q = c, b and q, q′ = u, d, the i, j, k are color indexes, the Ioffe type heavy baryon
currents J(x) (JΞ(x), JΣ(x)) and Jµ(x) (J
Ξ
µ (x), J
Σ
µ (x)) interpolate the
1
2
+
baryon states
Ξ′Q, ΣQ and the
3
2
+
baryon states Ξ∗Q, Σ
∗
Q, respectively, the external vector states φ(1020)
and ρ(770) have the four momentum qµ with q
2 = M2φ/ρ. The quark constituents of the
vector mesons ρ0 and ω are
1√
2
(|u¯u〉 − |d¯d〉) and 1√
2
(|u¯u〉+ |d¯d〉) respectively, the isospin
triplet meson ρ0 and isospin singlet meson ω have approximately degenerate masses. We
assume that the vector mesons ρ0 and ω have similar light-cone distribution amplitudes,
and obtain the corresponding strong coupling constants by symmetry considerations, as
the ω-meson light-cone distribution amplitudes have not been explored yet, see Appendix
A for detailed discussions.
Basing on the quark-hadron duality [15, 16], we can insert a complete set of interme-
diate hadronic states with the same quantum numbers as the current operators J(x) and
Jµ(x) into the correlation functions Πµ(p, q) to obtain the hadronic representation. After
isolating the ground state contributions from the pole terms of the heavy baryons Ξ′Q, ΣQ
and Ξ∗Q, Σ
∗
Q, we get the following results,
Πφ/ρ0µ (p, q) =
〈0|J(0)|BQ(q + p)〉〈BQ(q + p)|B∗Q(p)φ/ρ(q)〉〈B∗Q(p)|J¯µ(0)|0〉[
M2BQ − (q + p)2
] [
M2B∗
Q
− p2
] + · · ·
=
λBQλB∗Q[
M2BQ − (q + p)2
] [
M2B∗
Q
− p2
] {g1 [MBQ +MB∗Q] 6ǫ 6pγ5qµ
−g1
[
MBQ +MB∗Q
]
6q 6pγ5ǫµ + g2 6q 6pγ5p · ǫqµ − g2 6q 6pγ5q · pǫµ
−g2
2
6q 6pγ5q2ǫµ − g3 6q 6pγ5q2ǫµ + · · ·
}[
1/
1√
2
]
+ · · · , (5)
where the following definitions have been used,
〈0|J(0)|BQ(p)〉 = λBQU(p, s) ,
〈0|Jµ(0)|B∗Q(p)〉 = λB∗QUµ(p, s) ,∑
s
U(p, s)U(p, s) = 6p+MBQ ,
∑
s
Uµ(p, s)Uν(p, s) = −(6p+MB∗
Q
)
(
gµν − γµγν
3
− 2pµpν
3M2B∗
Q
+
pµγν − pνγµ
3MB∗Q
)
, (6)
the factors 1 and 1√
2
correspond to the correlation functions Πφµ(p, q) and Π
ρ0
µ (p, q) respec-
tively. The current Jµ(x) couples not only to the spin-parity J
P = 32
+
states, but also
to the spin-parity JP = 12
−
states. For a generic 12
−
resonance B˜∗Q, 〈0|Jµ(0)|B˜∗Q(p)〉 =
λ∗(γµ−4 pµM∗ )U∗(p, s), where λ∗ is the pole residue,M∗ is the mass, and the spinor U∗(p, s)
satisfies the usual Dirac equation (6p−M∗)U∗(p) = 0. In this article, we choose the tensor
structures 6 ǫ 6 pγ5qµ, 6 q 6 pγ5p · ǫqµ and 6 q 6 pγ5ǫµ, the baryon state B˜∗Q has no contamination,
for example, we can study the contribution of the 12
−
baryon state B˜∗Q to the correlation
3
functions Πφµ(p, q),
Πφµ(p, q) =
〈0|J(0)|BQ(q + p)〉〈BQ(q + p)|B˜∗Q(p)φ(q)〉〈B˜∗Q(p)|J¯µ(0)|0〉[
M2BQ − (q + p)2
]
[M2∗ − p2]
+ · · ·
= λBQλ∗
6q+ 6p+MBQ
M2BQ − (q + p)2
[
gV 6ǫ+ igT ǫ
ασαβq
β
MBQ +M∗
]
γ5
6p+M∗
M2∗ − p2
[
γµ − 4 pµ
M∗
]
+ · · ·
= f1(γ, p, q, ǫ)γµ + f2(γ, p, q, ǫ)pµ + · · · , (7)
where we introduce the strong coupling constants gV and gT to parameterize the vertexes
〈BQ(q+p)|B˜∗Q(p)φ(q)〉, the notations f1 and f2 are functions of γα, γ5, ǫα, pα and qα, here
we order the Dirac matrixes as 6ǫ, 6q, 6p, γ5.
In the following, we briefly outline the operator product expansion for the correlation
functions Πµ(p, q) in perturbative QCD. The calculations are performed at the large space-
like momentum regions (q+p)2 ≪ 0 and p2 ≪ 0, which correspond to the small light-cone
distance x2 ≈ 0 required by the validity of the operator product expansion approach. We
write down the ”full” propagator of a massive quark in the presence of the quark and
gluon condensates firstly [12, 16],
Sij(x) =
iδij 6x
2π2x4
− δijms
4π2x2
− δij
12
〈s¯s〉+ iδij
48
ms〈s¯s〉 6x− δijx
2
192
〈s¯gsσGs〉
+
iδijx
2
1152
ms〈s¯gsσGs〉 6x− i
16π2x2
∫ 1
0
dvGijµν(vx) [(1− v) 6xσµν + vσµν 6x] + · · · ,
SijQ(x) =
i
(2π)4
∫
d4ke−ik·x
{
δij
6k −mQ −
gsG
αβ
ij
4
σαβ(6k +mQ) + (6k +mQ)σαβ
(k2 −m2Q)2
+
π2
3
〈αsGG
π
〉δijmQ k
2 +mQ 6k
(k2 −m2Q)4
+ · · ·
}
, (8)
where 〈s¯gsσGs〉 = 〈s¯gsσαβGαβs〉 and 〈αsGGpi 〉 = 〈
αsGαβG
αβ
pi 〉 (the corresponding full propa-
gators Uij(x) and Dij(x) of the quarks u and d respectively can be obtained with a simple
replacement), then contract the quark fields in the correlation functions Πµ(p, q) with
Wick theorem, and obtain the following results:
Π
Ξ∗
Q
ΞQφ
µ (p, q) = iǫ
ijkǫi
′j′k′
∫
d4xe−ip·x
γ5γ
αSkk
′
Q (−x)Tr
[
γα〈0|sj(0)s¯j′(x)|φ(q)〉γµCU/DTii′(−x)C
]
, (9)
Π
Ξ∗
Q
ΞQρ
µ (p, q) = iǫ
ijkǫi
′j′k′
∫
d4xe−ip·x
γ5γ
αSkk
′
Q (−x)Tr
[
γαSjj′(−x)γµC〈0|qi(0)q¯i′(x)|ρ(q)〉TC
]
, (10)
4
Π
Σ∗
Q
ΣQρ
µ (p, q) = Aiǫ
ijkǫi
′j′k′
∫
d4xe−ip·x{
̟γ5γ
αSkk
′
Q (−x)Tr
[
γα〈0|uj(0)u¯j′(x)|ρ(q)〉γµCUTii′(−x)C
]
+γ5γ
αSkk
′
Q (−x)Tr
[
γαUjj′(−x)γµC〈0|ui(0)u¯i′(x)|ρ(q)〉TC
]}
, (11)
here we take isospin limit for the quarks u and d, the symmetry factor A = 1, ̟ = −1 for
the channels Σ∗(Qud)Σ(Qud)ρ, and A = ±2 and̟ = 1 for the channels Σ∗(Quu)Σ(Quu)ρ
and Σ∗(Qdd)Σ(Qdd)ρ respectively.
Performing the Fierz re-ordering to extract the contributions from the two-particle
and three-particle vector meson light-cone distribution amplitudes respectively, then sub-
stituting the full q and Q quark propagators into the correlation functions in Eqs.(9-11)
and completing the integral in the coordinate space, finally integrating over the variable
k, we can obtain the correlation functions Πµ(p, q) at the level of quark-gluon degree of
freedom. In calculation, the two-particle and three-particle vector meson light-cone dis-
tribution amplitudes have been used [27, 28, 29, 30]. The parameters in the light-cone
distribution amplitudes are scale dependent and are estimated with the QCD sum rules
[29, 30]. In this article, the energy scale µ is chosen to be µ = 1GeV.
Taking double Borel transform with respect to the variables Q21 = −p2 and Q22 = −(p+
q)2 respectively, then subtracting the contributions from the high resonances and contin-
uum states by introducing the threshold parameter s0 (i.e. M
2n → 1Γ[n]
∫ s0
0 dss
n−1e−
s
M2 ),
finally we can obtain 30 sum rules for the strong coupling constants g1, g2 and G3 =
−
(
MBQ +M
∗
BQ
)
g1 −M2φ/ρ0
(g2
2 + g3
)
respectively, the explicit expressions are presented
in the appendix A3.
3 Numerical result and discussion
The masses of the established hadrons are taken from the Particle Data Group Mφ =
1.019455GeV, Mρ = 0.77549GeV, Mω = 0.78265GeV, MΞ∗c = 2.6459GeV, MΣ∗++c =
2.5184GeV, MΣ∗+c = 2.5175GeV, MΣ∗0c = 2.5180GeV, MΣ∗+b
= 5.8290GeV, MΣ∗−
b
=
5.8364GeV, MΞ′+c = 2.5756GeV, MΞ′0c = 2.5779GeV, MΣ++c = 2.45402GeV, MΣ+c =
2.4529GeV, MΣ0c = 2.45376GeV, MΣ+b
= 5.8078GeV, and MΣ−
b
= 5.8152GeV [3]. In
calculation, we take the average values of the masses in each isospin multiplet and neglect
the small isospin splitting in the heavy baryon multiplet.
The parameters which determine the vector meson light-cone distribution amplitudes
are fφ = (0.215 ± 0.005)GeV, f⊥φ = (0.186 ± 0.009)GeV, a‖1 = 0.0, a⊥1 = 0.0, a‖2 =
0.18± 0.08, a⊥2 = 0.14± 0.07, ζ‖3 = 0.024± 0.008, λ˜‖3 = 0.0, ω˜‖3 = −0.045± 0.015, κ‖3 = 0.0,
ω
‖
3 = 0.09 ± 0.03, λ‖3 = 0.0, κ⊥3 = 0.0, ω⊥3 = 0.20 ± 0.08, λ⊥3 = 0.0, ς‖4 = 0.00 ± 0.02,
ω˜
‖
4 = −0.02 ± 0.01, ς⊥4 = −0.01 ± 0.03, ς˜⊥4 = −0.03 ± 0.04, κ‖4 = 0.0, κ⊥4 = 0.0 for the
φ-meson; and fρ = (0.216 ± 0.003)GeV, f⊥ρ = (0.165 ± 0.009)GeV, a‖1 = 0.0, a⊥1 = 0.0,
a
‖
2 = 0.15 ± 0.07, a⊥2 = 0.14 ± 0.06, ζ‖3 = 0.030 ± 0.010, λ˜‖3 = 0.0, ω˜‖3 = −0.09 ± 0.03,
3Here we present some technical details in calculating the correlation functions Π
Ξ∗QΞQφ
µ (p, q) to illustrate
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κ
‖
3 = 0.0, ω
‖
3 = 0.15±0.05, λ‖3 = 0.0, κ⊥3 = 0.0, ω⊥3 = 0.55±0.25, λ⊥3 = 0.0, ς‖4 = 0.07±0.03,
ω˜
‖
4 = −0.03± 0.01, ς⊥4 = −0.03± 0.05, ς˜⊥4 = −0.08± 0.05, κ‖4 = 0.0, and κ⊥4 = 0.0 for the
ρ-meson at the energy scale µ = 1GeV [29, 30].
The QCD input parameters are taken to be the standard values ms = (140±10)MeV,
mc = (1.35 ± 0.10)GeV, mb = (4.7 ± 0.1)GeV, 〈q¯q〉 = −(0.24 ± 0.01GeV)3, 〈s¯s〉 =
(0.8 ± 0.2)〈q¯q〉, 〈s¯gsσGs〉 = m20〈s¯s〉, 〈q¯gsσGq〉 = m20〈q¯q〉, m20 = (0.8 ± 0.2)GeV2, and
〈αsGGpi 〉 = (0.33GeV)4 at the energy scale µ = 1GeV [15, 16, 31].
The bottom baryon states Ξ∗b and Ξ
′
b have not been observed yet, we study their masses
with the conventional QCD sum rules. The masses MBQ and MB∗Q and pole residues λBQ
and λB∗
Q
are determined by the following correlation functions,
Πµν(p) = i
∫
d4x eip·x 〈0|T {Jµ(x)J¯ν(0)} |0〉 ,
Π(p) = i
∫
d4x eip·x 〈0|T {J(x)J¯(0)} |0〉 , (13)
JΞ(x) = ǫijkuTi (x)Cγµsj(x)γ5γ
µQk(x) ,
JΣ(x) = ǫijkuTi (x)Cγµdj(x)γ5γ
µQk(x) ,
JΞµ (x) = ǫ
ijkuTi (x)Cγµsj(x)Qk(x) ,
JΣµ (x) = ǫ
ijkuTi (x)Cγµdj(x)Qk(x) . (14)
In Refs.[32, 33], the masses of the heavy baryon states containing one heavy quark are
studied using the QCD sum rules, the pole residues are not calculated. In this article,
we take the simple Ioffe type interpolating currents, which are constructed by considering
the procedure,
Πµ(p, q) =
iǫijkǫij
′k′
12
∫
d
4
xe
−ip·x〈0|s¯(x)γλγ5s(0)|φ(q)〉γ5γ
α
S
kk′
Q (−x)Tr
[
γαγλγ5γµCU
T
jj′ (−x)C
]
+ · · ·
=
3f˜φMφ
32π6
γ5γ
α [ǫµqα − ǫαqµ]
∫ 1
0
dug
(a)
⊥
(1− u)
∫
d
D
xd
D
ke
i(k−p−uq)·x 6k
k2 −m2Q
1
x2
+ · · ·
= [6q 6pγ5ǫµ− 6ǫ 6pγ5qµ]
f˜φMφ
16π2
∫ 1
0
dug
(a)
⊥
(1− u)
∫ 1
0
dtt
Γ(ε)[
(p+ uq)2 − m˜2Q
]ε |ε→0 + · · ·
−→ [6q 6pγ5ǫµ− 6ǫ 6pγ5qµ]
f˜φMφ
16π2
∫ 1
0
dug
(a)
⊥
(1− u)
∫ 1
0
dtt
M4
M21M
2
2
exp
[
−
m˜2Q + u(1− u)M
2
φ
M2
]
δ(u− u0) + · · · (take double Borel transform)
−→ [6q 6pγ5ǫµ− 6ǫ 6pγ5qµ]
M4E1(x)
M21M
2
2
f˜φMφg
(a)
⊥
(1− u0)
16π2
∫ 1
0
dtt
exp
[
−
m˜2Q + u0(1− u0)M
2
φ
M2
]
+ · · · (subtract continuum contributions)
=
λΞ′
Q
λΞ∗
Q
M21M
2
2
exp
−M2Ξ∗Q
M21
−
M2Ξ′
Q
M22
{g1 [MΞ′
Q
+MΞ∗
Q
]
6ǫ 6pγ5qµ
−g1
[
MΞ′
Q
+MΞ∗
Q
]
6q 6pγ5ǫµ + g2 6q 6pγ5p · ǫqµ − g2 6q 6pγ5q · pǫµ + · · ·
}
+ · · · . (12)
For technical details about the Borel transform, one can consult the excellent review [14].
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the diquark theory and the heavy quark symmetry [34, 35]. We insert a complete set of
intermediate baryon states with the same quantum numbers as the current operators J(x)
and Jµ into the correlation functions Π(p) and Πµν(p) to obtain the hadronic representation
[15, 16]. After isolating the pole terms of the lowest states Ξ∗Q, Ξ
′
Q, Σ
∗
Q and ΣQ, we obtain
the following results:
Πµν(p) = λ
2
B∗
Q
MB∗
Q
+ 6p
M2B∗
Q
− p2 [−gµν + · · · ] + · · · ,
Π(p) = λ2BQ
MBQ+ 6p
M2BQ − p2
+ · · · , (15)
we choose the tensor structures gµν , 6 pgµν , 1 and 6 p for analysis. After performing the
standard procedure of the QCD sum rules, we obtain sixteen sum rules for the heavy
baryons states B∗Q and BQ,
λ2i e
−M
2
i
M2 =
∫ s0i
∆i
dsρAi (s)e
− s
M2 ,
λ2iMie
−M
2
i
M2 =
∫ s0i
∆i
dsρBi (s)e
− s
M2 , (16)
where the i denote the channels Ξ∗Q, Ξ
′
Q, Σ
∗
Q and ΣQ respectively; the s
0
i are the cor-
responding continuum threshold parameters and the M2 is the Borel parameter. The
thresholds ∆i can be sorted into two sets, we introduce the qq¯, qs¯ to denote the light
quark constituents in the heavy baryon states to simplify the notations, ∆qq¯ = m
2
Q,
∆qs¯ = (mQ + ms)
2. The explicit expressions of the spectral densities ρAi (s) and ρ
B
i (s)
are given in the appendix B.
Differentiate the Eq.(16) with respect to 1M2 , then eliminate the pole residues λi, we
can obtain the sixteen sum rules for the masses of the heavy baryon states B∗Q and BQ,
M2i =
∫ s0i
∆i
dssρ
A/B
i (s)e
− s
M2∫ s0i
∆i
dsρ
A/B
i (s)e
− s
M2
. (17)
In the conventional QCD sum rules [15, 16], there are two criteria (pole dominance
and convergence of the operator product expansion) for choosing the Borel parameter M2
and threshold parameter s0. We impose the two criteria on the heavy baryon states to
choose the Borel parameterM2 and threshold parameter s0, the values are shown in Table
1. Finally we obtain the values of the masses and pole resides of the heavy baryon states
B∗Q and BQ, which are shown in Table 2.
From Table 2, we can see that the average values of the masses with the tensor struc-
tures 6pgµν (6p) and gµν (1) can reproduce the experimental data approximately for the estab-
lished heavy baryon states. So it is reasonable to take the average values MΞ∗
b
= 5.98GeV
and MΞ′
b
= 5.95GeV for the un-established bottom baryon states Ξ∗b and Ξ
′
b in numerical
analysis. The values of the pole residues from different tensor structures differ greatly
from each other in some channels, for example, Ξ′b, Σb, Ξ
′
c, Σc. In this article, we take the
average values and assume uniform uncertainties (about 20%) for the pole residues in all
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M2(GeV2) s0(GeV
2)
Ξ∗b 5.0− 6.0 46.0± 0.5
Ξ′b 4.8− 5.6 44.5± 0.5
Σ∗b 5.0− 6.0 45.0± 0.5
Σb 4.8− 5.6 43.5± 0.5
Ξ∗c 2.0− 3.0 11.0± 0.5
Ξ′c 2.0− 2.8 10.5± 0.5
Σ∗c 2.0− 3.0 10.5± 0.5
Σc 1.9− 2.7 10.0± 0.5
Table 1: The Borel parameters M2 and threshold parameters s0 for the heavy baryon
states.
6pgµν/ 6p (M) gµν/1 (M) 6pgµν/ 6p (λ) gµν/1 (λ)
Ξ∗b 6.04 ± 0.14 5.92 ± 0.20 4.8 ± 1.0 4.2 ± 1.3
Ξ′b 6.04 ± 0.10 5.85 ± 0.15 9.0 ± 1.8 6.0 ± 1.3
Σ∗b 5.95 ± 0.14 5.72 ± 0.25 4.2 ± 1.0 3.3 ± 1.3
Σb 5.96 ± 0.10 5.73 ± 0.16 8.0 ± 1.7 5.0 ± 1.2
Ξ∗c 2.60 ± 0.20 2.68 ± 0.18 3.1 ± 0.8 3.1 ± 0.7
Ξ′c 2.65 ± 0.14 2.54 ± 0.17 6.2 ± 1.5 4.4 ± 0.9
Σ∗c 2.50 ± 0.20 2.59 ± 0.19 2.7 ± 0.7 2.7 ± 0.7
Σc 2.54 ± 0.15 2.42 ± 0.20 5.4 ± 1.4 3.6 ± 1.0
Table 2: The masses and pole residues of the heavy baryon states from the sum rules
with different tensor structures. The masses M are in unit of GeV and the pole residues
λ are in unit of 10−2GeV3.
channels, the uncertainties originate from the parameters other than the Borel parame-
ter M2 are about 20%, we subtract the uncertainties originate from the Borel parameter
from the total uncertainties to avoid double counting. The values of the pole residues are
λΞ∗
b
= (4.5±0.8)×10−2 GeV3, λΞ∗c = (3.1±0.5)×10−2GeV3, λΞ′b = (7.5±1.5)×10−2GeV
3,
λΞ′c = (5.3±1.0)×10−2 GeV3, λΣ∗b = (3.8±0.7)×10−2 GeV3, λΣ∗c = (2.7±0.5)×10−2 GeV3,
λΣb = (6.5 ± 1.2) × 10−2GeV3, and λΣc = (4.5 ± 0.9) × 10−2GeV3. The threshold pa-
rameters are taken as s0 = (11.0 ± 1.0)GeV2, (10.5 ± 1.0)GeV2, (45.0 ± 1.0)GeV2 and
(46.0 ± 1.0)GeV2 in the channels Ξ∗c(Ξ′c), Σ∗c(Σc), Ξ∗b(Ξ′b) and Σ∗b(Σb) respectively; the
Borel parameters are taken as M2 = (2.0 − 3.0)GeV2 and (5.0 − 6.0)GeV2 in the charm
and bottom channels respectively. Those parameters are determined by the two-point
QCD sum rules to avoid possible contaminations from the high resonances and continuum
states. In calculation, we observe that the values of the strong coupling constants g1, g2
and G3 are insensitive to threshold parameters s0.
The main uncertainties originate from the parameters λBQ , λB∗Q (as the strong cou-
pling constants g1, g2 and G3 ∝ 1λBQλB∗Q ) and mQ, the variations of those parameters can
lead to relatively large changes for the numerical values, and almost saturate the total
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uncertainties, i.e. the variations of the two hadronic parameters λBQ and λB∗Q lead to an
uncertainty about 20%×√2 = 28%, and the variations of the mQ lead to an uncertainty
about (10−20)%, refining those parameters is of great importance. In the case of the sum
rules for the strong coupling constants g2, the values are not stable enough with variations
of the Borel parameter, additional uncertainties are introduced, the total uncertainties are
very large, see Table 3. The contributions from the strong coupling constants g2 to the
radiative decay widths are very small comparing with the corresponding ones from the g1,
the predictions are insensitive to the Borel parameter. Although there are many param-
eters in the light-cone distributions amplitudes [29, 30], the uncertainties originate from
those parameters are rather small. In calculation, we neglect the contributions from the
high dimension vacuum condensates, such as 〈fabcGaGbGc〉, 〈q¯q〉〈αsGGpi 〉, 〈s¯s〉〈αsGGpi 〉, etc.
They are greatly suppressed by the large numerical denominators and additional inverse
powers of the Borel parameter 1M2 , and would not play any significant roles. Furthermore,
we neglect some terms involving the light-cone distributions amplitudes f˜(u¯0) and
˜˜
f(u¯0)
in case of the contributions from the terms f(u¯0) are small, as
f˜(u¯0)
f(u¯0)
≈ 40%,
˜˜
f(u¯0)
f(u¯0)
≈ 10% . (18)
Taking into account all the uncertainties of the revelent parameters, finally we obtain
the numerical results of the strong coupling constants g1, g2 and G3, which are shown in the
Table 3. We estimate the uncertainties δ with the formula δ =
√∑
i
(
∂f
∂xi
)2
|xi=x¯i (xi − x¯i)2,
where the f denote strong coupling constants g1, g2 and G3, the xi denote the revelent
parameters mQ, 〈q¯q〉, 〈s¯s〉, · · · . In the numerical calculations, we take the approximation(
∂f
∂xi
)2
(xi − x¯i)2 ≈ [f(x¯i ±∆xi)− f(x¯i)]2 for simplicity. For the central values of the
strong coupling constants,
g
B∗
b
BbV
1
g
B∗c BcV
1
≈ (70 − 80)%, G3B∗b BbV (MB∗c+MBc)G3B∗c BcV (MB∗b+MBb ) ≈ (80 − 90)%, the
heavy quark symmetry works rather well. Those strong coupling constants in the ver-
texes B∗QVQV are basic parameters in describing the interactions among the heavy baryon
states, once reasonable values are obtained, we can use them to perform phenomenological
analysis.
The radiative decays B∗Q → BQγ can be described by the following electromagnetic
lagrangian L,
L = −eQbb¯γµbAµ − eQcc¯γµcAµ − eQss¯γµsAµ − eQuu¯γµuAµ − eQdd¯γµdAµ , (19)
where the Aµ is the electromagnetic field. From the lagrangian L, we can obtain the decay
amplitudes with the assumption of the vector meson dominance, eT = 〈BQ(p)γ(q)|L|B∗Q(p+
9
Vertexes −g1(GeV−1) −g2(GeV−2) G3
Ξ∗+c Ξ′
+
c φ, Ξ
∗0
c Ξ
′0
cφ 2.98
+1.18
−0.81 0.62
+0.63
−0.31 9.75
+3.87
−2.68
Ξ∗+c Ξ′
+
c ρ, Ξ
∗+
c Ξ
′+
c ω, Ξ
∗0
c Ξ
′0
cω 3.54
+1.39
−0.97 0.47
+0.46
−0.24 13.61
+5.42
−3.76
Ξ∗0c Ξ′
0
cρ0 −(3.54+1.39−0.97) −(0.47+0.46−0.24) −(13.61+5.42−3.76)
Σ∗++c Σ++c ρ0, Σ∗++c Σ++c ω, Σ∗0c Σ0cω, Σ∗+c Σ+c ω 7.07
+3.09
−2.17 0.97
+0.87
−0.49 25.00
+10.54
−7.53
Σ∗+c Σ+c ρ0 0 0 0
Σ∗0c Σ0cρ0 −(7.07+3.09−2.17) −(0.97+0.87−0.49) −(25.00+10.54−7.53 )
Ξ∗0b Ξ
′0
bφ, Ξ
∗−
b Ξ
′−
b φ 2.25
+0.93
−0.69 0.11
+0.16
−0.11 20.14
+8.54
−6.12
Ξ∗0b Ξ
′0
bρ, Ξ
∗0
b Ξ
′0
bω, Ξ
∗−
b Ξ
′−
b ω 2.73
+1.14
−0.84 0.07
+0.14
−0.05 26.68
+11.04
−8.25
Ξ∗−b Ξ
′−
b ρ −(2.73+1.14−0.84) −(0.07+0.14−0.05) −(26.68+11.04−8.25 )
Σ∗+b Σ
+
b ρ0, Σ
∗+
b Σ
+
b ω, Σ
∗0
b Σ
0
bω, Σ
∗−
b Σ
−
b ω 5.05
+2.17
−1.59 0.13
+0.27
−0.10 47.05
+19.72
−14.71
Σ∗0b Σ
0
bρ0 0 0 0
Σ∗−b Σ
−
b ρ0 −(5.05+2.17−1.59) −(0.13+0.27−0.10) −(47.05+19.72−14.71)
Table 3: The values of the strong coupling constants g1, g2 and G3.
Channels Γ (KeV)
Ξ∗+c → Ξ′+c γ 0.96+1.47−0.67
Ξ∗0c → Ξ′0cγ 1.26+0.80−0.46
Σ∗++c → Σ++c γ 6.36+6.79−3.31
Σ∗+c → Σ+c γ 0.40+0.43−0.21
Σ∗0c → Σ0cγ 1.58+1.68−0.82
Ξ∗0b → Ξ′0bγ 0.047+0.077−0.036
Ξ∗−b → Ξ′−b γ 0.066+0.045−0.027
Σ∗+b → Σ+b γ 0.12+0.13−0.06
Σ∗0b → Σ0bγ 0.0076+0.0079−0.0040
Σ∗−b → Σ−b γ 0.030+0.032−0.016
Table 4: The widths of the radiative decays B∗Q → BQγ.
10
q)〉,
eT = −eQsη∗µ〈BQ(p)|s¯γµs|B∗Q(p + q)〉 − eQuη∗µ〈BQ(p)|u¯γµu|B∗Q(p + q)〉
−eQdη∗µ〈BQ(p)|d¯γµd|B∗Q(p + q)〉+ · · ·
= −eQsη∗µfφMφǫµ
i
q2 −M2φ
〈φ(q)BQ(p)|B∗Q(p+ q)〉
−eQuη∗µ
1√
2
fρMρǫµ
i
q2 −M2ρ
〈ρ(q)BQ(p)|B∗Q(p+ q)〉
+eQdη
∗
µ
1√
2
fρMρǫµ
i
q2 −M2ρ
〈ρ(q)BQ(p)|B∗Q(p+ q)〉
−eQuη∗µ
1√
2
fωMωǫµ
i
q2 −M2ω
〈ω(q)BQ(p)|B∗Q(p+ q)〉
−eQdη∗µ
1√
2
fωMωǫµ
i
q2 −M2ω
〈ω(q)BQ(p)|B∗Q(p + q)〉+ · · · , (20)
where the ηµ is the polarization vector of the photon. In the heavy quark limit, the matrix
elements 〈BQ(p)|Q¯γµQ|B∗Q(p+ q)〉 ∝M
− 3
2
J/ψ(Υ), and can be neglected, so we consider only
the contributions from the intermediate vector mesons φ(1020), ρ0(770) and ω(782). The
photon can be viewed as emitted from the light diquark system while the heavy quark is
unaffected by the emission process.
From the strong coupling constants g1 and g2, we can obtain the decay widths ΓB∗
Q
→BQγ ,
ΓB∗
Q
→BQγ =
α
(
M2B∗
Q
−M2BQ
)
16M3B∗
Q
∑
ss′
| T |2 , (21)
the numerical values are shown in Table 4.
There have been many works focusing on the radiative decays of the 12
+
and 32
+
heavy baryon sextets B∗6 and B6 to the
1
2
+
heavy baryon antitriplet B3¯, B
∗
6 → B3¯ γ
and B6 → B3¯ γ, such as the light-cone QCD sum rules [11], the heavy hadron chiral
perturbation theory [37, 38], the combination of the heavy quark symmetry and the light
diquark SU(2Nf ) × O(3) symmetry [39], the relativistic three-quark model [40, 41], etc.
The works on the radiative decays B∗6 → B6 γ are very few, some decay channels are
studied in the constituent quark model [42] and the non-relativistic potential model [43].
Combining with our previous work on the radiative decays Ω∗Q → ΩQ γ [10], we perform
systematic studies for the radiative decays B∗6 → B6 γ with the light-cone QCD sum rules.
The strong decays B∗6 → B6 π are forbidden due to the unavailable phase space, while
the radiative channels are not phase space suppressed and become relevant, although the
electromagnetic strength is weaker than that of the strong interaction. The properties of
the charm baryon states would be studied at the BESIII and P¯ANDA [44, 45], where the
charm baryon states are copiously produced at the e+e− and pp¯ collisions. The LHCb is
a dedicated b and c-physics precision experiment at the LHC (large hadron collider). The
LHC will be the world’s most copious source of the b hadrons, and a complete spectrum
of the b hadrons will be available through gluon fusion. In proton-proton collisions at√
s = 14TeV, the bb¯ cross section is expected to be ∼ 500µb producing 1012 bb¯ pairs in a
11
standard year of running at the LHCb operational luminosity of 2 × 1032cm−2sec−1 [46].
The present predictions for the radiative decays can be tested at the BESIII, P¯ANDA and
LHCb.
4 Conclusion
In this article, we parameterize the vertexes B∗QBQV with three tensor structures due
to Lorentz invariance, study the corresponding three strong coupling constants with the
light-cone QCD sum rules, then assume the vector meson dominance of the intermediate
φ(1020), ρ0(770) and ω(782) as the contributions from the J/ψ and Υ are negligible in
the heavy quark limit, and calculate the radiative decay widths ΓB∗
Q
→BQγ . The predic-
tions can be tested by the experimental data at the BESIII, P¯ANDA and LHCb in the
future. Although the values of the strong coupling constants g2 are not stable enough with
variations of the Borel parameter, the Borel parameter dependence of the radiative decay
widths is very weak, as the main contributions come from the strong coupling constants g1.
The heavy quark symmetry works rather well for the strong coupling constants g1 and G3.
The strong coupling constants in the vertexes B∗QBQV are basic parameters in describing
the interactions among the heavy baryon states, once reasonable values are obtained, we
can use them to perform phenomenological analysis.
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Appendix
Appendix A
The 30 sum rules for the strong coupling constants g1, g2 and G3 in different channels,
g
Ξ∗
Q
Ξ′
Q
φ
1 =
1
λΞ′
Q
λΞ∗
Q
(
MΞ′
Q
+MΞ∗
Q
) expM2Ξ′Q +M2Ξ∗Q − 2u0u¯0M2φ
2M2{
−u0fφMφg
(v)
⊥ (u¯0)
8π2
M4E1(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
+
u0m
2
QfφMφg
(v)
⊥ (u¯0)
144M2
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−u0f˜φMφ
32π2
M4E1(x)
d
du0
g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
+
u0m
2
Qf˜φMφ
576M2
〈αsGG
π
〉 d
du0
g
(a)
⊥ (u¯0)
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
− f˜φMφg
(a)
⊥ (u¯0)
16π2
M4E1(x)
∫ 1
0
dtte−
m˜2Q
M2
+
m2Qf˜φMφg
(a)
⊥ (u¯0)
288M2
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
+
u0fφM
3
φ
16π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαs¯
∫ 1−αs¯
u0−αs¯
dαg
(1− 2v)A(αi) + V(αi)
αg
e−
m˜2
Q
M2
+
fφMφ
16π2
M4E1(x)
∫ 1
0
dtt
d
du0
∫ u0
0
dαs¯
∫ 1−αs¯
u0−αs¯
dαg(1− v)A(αi) + V(αi)
αg
e−
m˜2
Q
M2
}
+
1
λΞ′
Q
λΞ∗
Q
(
MΞ′
Q
+MΞ∗
Q
) expM2Ξ′Q +M2Ξ∗Q − 2m2Q − 2u0u¯0M2φ
2M2{
−〈q¯q〉f
⊥
φ M
2
φC˜⊥(u¯0)
6
+
〈q¯q〉f⊥φ φ⊥(u¯0)
6
M2E0(x)
−〈q¯gsσGq〉f
⊥
φ φ⊥(u¯0)
24
(
1 +
m2Q
M2
)
+
m4Qf
⊥
φ M
2
φ〈q¯gsσGq〉A⊥(u¯0)
96M6
−〈q¯q〉f
⊥
φ M
2
φA⊥(u¯0)
24
(
1 +
m2Q
M2
)
+
u0〈q¯gsσGq〉f⊥φ M2φC˜⊥(u¯0)
24M2
(
1 +
m2Q
M2
)}
,
(22)
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g
Ξ∗QΞ
′
Qφ
2 =
1
λΞ′
Q
λΞ∗Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2u0u¯0M2φ
2M2u0fφMφ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
4π2
M2E0(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
−
u0m
2
QfφMφ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
72M4
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−u0fφM
3
φA˜(u¯0)
16π2
∫ 1
0
dtte−
m˜2
Q
M2 +
u0m
2
QfφM
3
φA˜(u¯0)
288M6
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
−u0f˜φMφ
16π2
M2E0(x)g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
+
u0m
2
Qf˜φMφ
288M4
〈αsGG
π
〉g(a)⊥ (u¯0)
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
+
fφMφ
8π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαs¯
∫ 1−αs¯
u0−αs¯
dαg
A(αi) + (1− 2v)V(αi)
αg
e−
m˜2Q
M2
}
+
1
λΞ′
Q
λΞ∗
Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2m2Q − 2u0u¯0M2φ
2M22u0〈q¯q〉f
⊥
φ M
2
φ
˜˜
B⊥(u¯0)
3M2
− u0〈q¯gsσGq〉f
⊥
φ M
2
φ
˜˜
B⊥(u¯0)
6M4
(
1 +
m2Q
M2
) , (23)
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G3Ξ∗QΞ
′
Qφ
=
1
λΞ′
Q
λΞ∗Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2u0u¯0M2φ
2M2fφMφ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
8π2
M4E1(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
−
m2QfφMφ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
144M2
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−fφM
3
φA˜(u¯0)
32π2
M2E0(x)
∫ 1
0
dtte−
m˜2
Q
M2
+
m2QfφM
3
φA˜(u¯0)
576M4
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
+
f˜φMφ
32π2
M4E1(x)g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1 + t)e−
m˜2Q
M2
−m
2
Qf˜φMφ
576M2
〈αsGG
π
〉g(a)⊥ (u¯0)
∫ 1
0
dt
1 + t
t2
e−
m˜2
Q
M2
−u0fφM
3
φ
8π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαs¯
∫ 1−αs¯
u0−αs¯
dαgv
A(αi)− V(αi)
αg
e−
m˜2
Q
M2
}
+
1
λΞ′
Q
λΞ∗Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2m2Q − 2u0u¯0M2φ
2M2{
−〈q¯q〉f
⊥
φ φ⊥(u¯0)
6
M2E0(x) +
〈q¯gsσGq〉f⊥φ φ⊥(u¯0)
24
(
1 +
m2Q
M2
)
−m
4
Qf
⊥
φ M
2
φ〈q¯gsσGq〉A⊥(u¯0)
96M6
+
〈q¯q〉f⊥φ M2φA⊥(u¯0)
24
(
1 +
m2Q
M2
)
+
〈q¯q〉f⊥φ M2φ
˜˜
B⊥(u¯0)
3
− 〈q¯gsσGq〉f
⊥
φ M
2
φ
˜˜
B⊥(u¯0)
12M2
(
1 +
m2Q
M2
) , (24)
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g
Ξ∗QΞ
′
Qρ0
1 = ±
1
λΞ′
Q
λΞ∗
Q
(
MΞ′
Q
+MΞ∗
Q
) expM2Ξ′Q +M2Ξ∗Q − 2u0u¯0M2ρ
2M2{
−u0fρMρg
(v)
⊥ (u¯0)
8π2
M4E1(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
+
u0m
2
QfρMρg
(v)
⊥ (u¯0)
144M2
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−msf
⊥
ρ φ⊥(u¯0)
8π2
M4E1(x)
∫ 1
0
dtte−
m˜2
Q
M2
+
msm
2
Qf
⊥
ρ φ⊥(u¯0)
144M2
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
+
u0msf
⊥
ρ M
2
ρ C˜⊥(u¯0)
8π2
M2E0(x)
∫ 1
0
dtte−
m˜2
Q
M2
−u0msm
2
Qf
⊥
ρ M
2
ρ C˜⊥(u¯0)
144M4
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
−u0f˜ρMρ
32π2
M4E1(x)
d
du0
g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
+
u0m
2
Qf˜ρMρ
576M2
〈αsGG
π
〉 d
du0
g
(a)
⊥ (u¯0)
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
− f˜ρMρg
(a)
⊥ (u¯0)
16π2
M4E1(x)
∫ 1
0
dtte−
m˜2
Q
M2
+
m2Qf˜ρMρg
(a)
⊥ (u¯0)
144M2
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2Q
M2
+
u0fρM
3
ρ
16π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαg
(1− 2v)A(αi) + V(αi)
αg
e−
m˜2
Q
M2
+
fρMρ
16π2
M4E1(x)
∫ 1
0
dtt
d
du0
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαg(1− v)A(αi) + V(αi)
αg
e−
m˜2
Q
M2
}
16
± 1
λΞ′
Q
λΞ∗
Q
(
MΞ′
Q
+MΞ∗
Q
) expM2Ξ′Q +M2Ξ∗Q − 2m2Q − 2u0u¯0M2ρ
2M2{
−u0ms〈s¯s〉fρMρg
(v)
⊥ (u¯0)
12
− 〈s¯s〉f
⊥
ρ M
2
ρ C˜⊥(u¯0)
6
+
u0ms〈s¯gsσGs〉fρMρg(v)⊥ (u¯0)
72M2
(
1 +
m2Q
M2
)
+
〈s¯s〉f⊥ρ φ⊥(u¯0)
6
M2E0(x)−
〈s¯gsσGs〉f⊥ρ φ⊥(u¯0)
24
(
1 +
m2Q
M2
)
+
m4Qf
⊥
ρ M
2
ρ 〈s¯gsσGs〉A⊥(u¯0)
96M6
+
msf
⊥
ρ M
2
ρA⊥(u¯0)
32π2
M2E0(x)
−〈s¯s〉f
⊥
ρ M
2
ρA⊥(u¯0)
24
(
1 +
m2Q
M2
)
+
u0〈s¯gsσGs〉f⊥ρ M2ρ C˜⊥(u¯0)
24M2
(
1 +
m2Q
M2
)
−ms〈s¯s〉f˜ρMρg
(a)
⊥ (u¯0)
24
(
1 +
m2Q
M2
)
− u0ms〈s¯s〉f˜ρMρ
48
d
du0
g
(a)
⊥ (u¯0)
}
, (25)
g
Ξ∗
Q
Ξ′
Q
ρ0
2 = ±
1
λΞ′
Q
λΞ∗
Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2u0u¯0M2ρ
2M2u0fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
4π2
M2E0(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
−
u0m
2
QfρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
72M4
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−u0fρM
3
ρ A˜(u¯0)
16π2
∫ 1
0
dtte−
m˜2Q
M2 +
u0m
2
QfρM
3
ρ A˜(u¯0)
288M6
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2Q
M2
−u0msf
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
2π2
∫ 1
0
dtte−
m˜2
Q
M2
+
u0msm
2
Qf
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
36M6
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
−u0f˜ρMρ
16π2
M2E0(x)g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1− t)e−
m˜2Q
M2
+
u0m
2
Qf˜ρMρ
288M4
〈αsGG
π
〉g(a)⊥ (u¯0)
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
+
fρMρ
8π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαg
A(αi) + (1− 2v)V(αi)
αg
e−
m˜2
Q
M2
}
17
± 1
λΞ′
Q
λΞ∗Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2m2Q − 2u0u¯0M2ρ
2M2u0ms〈s¯s〉fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
6M2
−u0ms〈s¯s〉fρM
3
ρ A˜(u¯0)
24M4
(
1 +
m2Q
M2
)
−
u0ms〈s¯gsσGs〉fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
36M4
(
1 +
m2Q
M2
)
+
2u0〈s¯s〉f⊥ρ M2ρ ˜˜B⊥(u¯0)
3M2
− u0〈s¯gsσGs〉f
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
6M4
(
1 +
m2Q
M2
)
−u0ms〈s¯s〉f˜ρMρg
(a)
⊥ (u¯0)
24M2
}
, (26)
18
G3Ξ∗QΞ
′
Qρ0
= ± 1
λΞ′
Q
λΞ∗Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2u0u¯0M2ρ
2M2fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
8π2
M4E1(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
−
m2QfρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
144M2
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−fρM
3
ρ A˜(u¯0)
32π2
M2E0(x)
∫ 1
0
dtte−
m˜2Q
M2
+
m2QfρM
3
ρ A˜(u¯0)
576M4
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
+
msf
⊥
ρ φ⊥(u¯0)
8π2
M4E1(x)
∫ 1
0
dtte−
m˜2
Q
M2
−msm
2
Qf
⊥
ρ φ⊥(u¯0)
144M2
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
−msf
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
4π2
M2E0(x)
∫ 1
0
dtte−
m˜2
Q
M2
+
msm
2
Qf
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
72M4
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
+
f˜ρMρ
32π2
M4E1(x)g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1 + t)e−
m˜2Q
M2
−m
2
Qf˜ρMρ
576M2
〈αsGG
π
〉g(a)⊥ (u¯0)
∫ 1
0
dt
1 + t
t2
e−
m˜2
Q
M2
−u0fρM
3
ρ
8π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαgv
A(αi)− V(αi)
αg
e−
m˜2
Q
M2
}
19
± 1
λΞ′
Q
λΞ∗Q
exp
M2Ξ′
Q
+M2Ξ∗
Q
− 2m2Q − 2u0u¯0M2ρ
2M2ms〈s¯s〉fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
12
−ms〈s¯s〉fρM
3
ρ A˜(u¯0)
48M2
(
1 +
m2Q
M2
)
−
ms〈s¯gsσGs〉fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
72M2
(
1 +
m2Q
M2
)
−〈s¯s〉f
⊥
ρ φ⊥(u¯0)
6
M2E0(x) +
〈s¯gsσGs〉f⊥ρ φ⊥(u¯0)
24
(
1 +
m2Q
M2
)
−m
4
Qf
⊥
ρ M
2
ρ 〈s¯gsσGs〉A⊥(u¯0)
96M6
− msf
⊥
ρ M
2
ρA⊥(u¯0)
32π2
M2E0(x)
+
〈s¯s〉f⊥ρ M2ρA⊥(u¯0)
24
(
1 +
m2Q
M2
)
+
〈s¯s〉f⊥ρ M2ρ ˜˜B⊥(u¯0)
3
−〈s¯gsσGs〉f
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
12M2
(
1 +
m2Q
M2
)
+
ms〈s¯s〉f˜ρMρg(a)⊥ (u¯0)
48
(
1 +
2m2Q
M2
)}
, (27)
20
g
Σ∗
Q
ΣQρ0
1 = ±
1
λΣQλΣ∗Q
(
MΣQ +MΣ∗Q
) expM2ΣQ +M2Σ∗Q − 2u0u¯0M2ρ
2M2{
−u0fρMρg
(v)
⊥ (u¯0)
2π2
M4E1(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
+
u0m
2
QfρMρg
(v)
⊥ (u¯0)
36M2
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−u0f˜ρMρ
8π2
M4E1(x)
d
du0
g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1− t)e−
m˜2Q
M2
+
u0m
2
Qf˜ρMρ
144M2
〈αsGG
π
〉 d
du0
g
(a)
⊥ (u¯0)
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
− f˜ρMρg
(a)
⊥ (u¯0)
4π2
M4E1(x)
∫ 1
0
dtte−
m˜2
Q
M2
+
m2Qf˜ρMρg
(a)
⊥ (u¯0)
72M2
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
+
u0fρM
3
ρ
4π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαg
(1− 2v)A(αi) + V(αi)
αg
e−
m˜2
Q
M2
+
fρMρ
4π2
M4E1(x)
∫ 1
0
dtt
d
du0
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαg(1− v)A(αi) + V(αi)
αg
e−
m˜2
Q
M2
}
± 1
λΣQλΣ∗Q
(
MΣQ +MΣ∗Q
) expM2ΣQ +M2Σ∗Q − 2m2Q − 2u0u¯0M2ρ
2M2{
−2〈q¯q〉f
⊥
ρ M
2
ρ C˜⊥(u¯0)
3
+
2〈q¯q〉f⊥ρ φ⊥(u¯0)
3
M2E0(x)
−〈q¯gsσGq〉f
⊥
ρ φ⊥(u¯0)
6
(
1 +
m2Q
M2
)
+
m4Qf
⊥
ρ M
2
ρ 〈q¯gsσGq〉A⊥(u¯0)
24M6
−〈q¯q〉f
⊥
ρ M
2
ρA⊥(u¯0)
6
(
1 +
m2Q
M2
)
+
u0〈q¯gsσGq〉f⊥ρ M2ρ C˜⊥(u¯0)
6M2
(
1 +
m2Q
M2
)}
,
(28)
21
g
Σ∗
Q
ΣQρ0
2 = ±
1
λΣQλΣ∗Q
exp
M2ΣQ +M
2
Σ∗
Q
− 2u0u¯0M2ρ
2M2u0fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
π2
M2E0(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
−
u0m
2
QfρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
18M4
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−u0fρM
3
ρ A˜(u¯0)
4π2
∫ 1
0
dtte−
m˜2
Q
M2 +
u0m
2
QfρM
3
ρ A˜(u¯0)
72M6
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
−u0f˜ρMρ
4π2
M2E0(x)g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
+
u0m
2
Qf˜ρMρ
72M4
〈αsGG
π
〉g(a)⊥ (u¯0)
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
+
fρMρ
2π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαg
A(αi) + (1− 2v)V(αi)
αg
e−
m˜2Q
M2
}
± 1
λΣQλΣ∗Q
exp
M2ΣQ +M
2
Σ∗
Q
− 2m2Q − 2u0u¯0M2ρ
2M28u0〈q¯q〉f⊥ρ M2ρ
˜˜
B⊥(u¯0)
3M2
− 2u0〈q¯gsσGq〉f
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
3M4
(
1 +
m2Q
M2
) , (29)
22
G3Σ∗QΣQρ0 = ±
1
λΣQλΣ∗Q
exp
M2ΣQ +M
2
Σ∗
Q
− 2u0u¯0M2ρ
2M2fρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
2π2
M4E1(x)
∫ 1
0
dtt(1− t)e−
m˜2
Q
M2
−
m2QfρMρ
[
φ˜‖(u¯0)− g˜(v)⊥ (u¯0)
]
36M2
〈αsGG
π
〉
∫ 1
0
dt
1− t
t2
e−
m˜2
Q
M2
−fρM
3
ρ A˜(u¯0)
8π2
M2E0(x)
∫ 1
0
dtte−
m˜2
Q
M2
+
m2QfρM
3
ρ A˜(u¯0)
144M4
〈αsGG
π
〉
∫ 1
0
dt
1
t2
e−
m˜2
Q
M2
+
f˜ρMρ
8π2
M4E1(x)g
(a)
⊥ (u¯0)
∫ 1
0
dtt(1 + t)e−
m˜2
Q
M2
−m
2
Qf˜ρMρ
144M2
〈αsGG
π
〉g(a)⊥ (u¯0)
∫ 1
0
dt
1 + t
t2
e−
m˜2
Q
M2
−u0fρM
3
ρ
2π2
M2E0(x)
∫ 1
0
dtt
∫ u0
0
dαu¯
∫ 1−αu¯
u0−αu¯
dαgv
A(αi)− V(αi)
αg
e−
m˜2Q
M2
}
± 1
λΣQλΣ∗Q
exp
M2ΣQ +M
2
Σ∗
Q
− 2m2Q − 2u0u¯0M2ρ
2M2{
−2〈q¯q〉f
⊥
ρ φ⊥(u¯0)
3
M2E0(x) +
〈q¯gsσGq〉f⊥ρ φ⊥(u¯0)
6
(
1 +
m2Q
M2
)
−m
4
Qf
⊥
ρ M
2
ρ 〈q¯gsσGq〉A⊥(u¯0)
24M6
+
〈q¯q〉f⊥ρ M2ρA⊥(u¯0)
6
(
1 +
m2Q
M2
)
+
4〈q¯q〉f⊥ρ M2ρ ˜˜B⊥(u¯0)
3
− 〈q¯gsσGq〉f
⊥
ρ M
2
ρ
˜˜
B⊥(u¯0)
3M2
(
1 +
m2Q
M2
) , (30)
where u¯0 = 1− u0, f˜φ = fφ − f⊥φ 2msMφ , f˜⊥φ = f⊥φ − fφ
2ms
Mφ
, f˜ρ = fρ − f⊥ρ mu+mdMρ , f˜⊥ρ = f⊥ρ −
fρ
mu+md
Mρ
, M21 =M
2
2 = 2M
2 and u0 =
M21
M21+M
2
2
= 12 as
M2
B∗
Q
M2
B∗
Q
+M2
BQ
≈ 12 , v = u0−αs¯αg (u0−αu¯αg ),
m˜2Q =
m2Q
t , En(x) = 1− (1 + x+ x
2
2! + · · ·+ x
n
n! )e
−x, x = s0
M2
;
˜˜
f(u¯0) =
∫ u0
0 du
∫ u
0 dtf(1− t),
f˜(u¯0) =
∫ u0
0 duf(1−u), the f(u) denote the light-cone distribution amplitudes, the lengthy
expressions of the light-cone distribution amplitudes φ‖(u), φ⊥(u), A(u), A⊥(u), g
(v)
⊥ (u),
g
(a)
⊥ (u), h
(s)
‖ (u), h
(t)
‖ (u), h3(u), g3(u), A(αi), S(αi), S˜(αi), T (αi), V(αi) can be found
in Refs.[29, 30], C(u) = g3(u) + φ‖(u) − 2g(v)⊥ (u), B⊥(u) = h(t)‖ (u) − 12φ⊥(u) − 12h3(u),
23
C⊥(u) = h3(u)−φ⊥(u); the denotation ± correspond to the vertexes Ξ∗+c Ξ′+c ρ0, Ξ∗0b Ξ′0bρ0,
Σ∗++c Σ++c ρ0, Σ
∗+
b Σ
+
b ρ0 and Ξ
∗0
c Ξ
′0
cρ0, Ξ
∗−
b Ξ
′−
b ρ0, Σ
∗0
c Σ
0
cρ0, Σ
∗−
b Σ
−
b ρ0 respectively. The
strong coupling constants g1, g2 and G3 in the vertexes Σ
∗+
c Σ
+
c ρ0 and Σ
∗0
b Σ
0
bρ0 vanish
in the isospin symmetry limit. For some technical details involving the three particle
vector-mesons (φ and ρ0) light-cone distribution amplitudes, one can consult Ref.[36].
The quark constituents of the vector mesons ρ0 and ω are
|u¯u〉−|d¯d〉√
2
and |u¯u〉+|d¯d〉√
2
re-
spectively. For example, the correlation functions Π
Ξ+∗c Ξ
′+
c ρ/ω
µ (p, q) and Π
Ξ0∗c Ξ
′0
cρ/ω
µ (p, q)
can be decomposed as
ΠΞ
+∗
c Ξ
′+
c ρ/ω
µ (p, q) =
i√
2
ǫijkǫi
′j′k′
∫
d4xe−ip·xγ5γαSkk
′
c (−x)
Tr
[
γαSjj′(−x)γµC〈0|ui(0)u¯i′(x)|u¯u(q)〉TC
]
,
ΠΞ
0∗
c Ξ
′0
cρ/ω
µ (p, q) = ±
i√
2
ǫijkǫi
′j′k′
∫
d4xe−ip·xγ5γαSkk
′
c (−x)
Tr
[
γαSjj′(−x)γµC〈0|di(0)d¯i′(x)|d¯d(q)〉TC
]
, (31)
respectively, where the couplings
〈0|ui(0)u¯i′(0)|u¯u(q)〉 |ρ = 〈0|di(0)d¯i′(0)|d¯d(q)〉 |ρ∝ fρ(f⊥ρ )Mnρ ,
〈0|ui(0)u¯i′(0)|u¯u(q)〉 |ω = 〈0|di(0)d¯i′(0)|d¯d(q)〉 |ω∝ fω(f⊥ω )Mnω , (32)
the n is an integer, and the ± correspond to the vector mesons ρ0 and ω respectively.
The isospin triplet meson ρ0 and isospin singlet meson ω have approximately degenerate
masses, i.e.
Mρ
Mω
≈ 98.5%. The ω-meson light-cone distribution amplitudes have not
been explored yet, we assume that the vector mesons ρ0 and ω have similar light-cone
distribution amplitudes, and take the approximation Mω = Mρ, fω = fρ, f
⊥
ω = f
⊥
ρ , · · ·
for the hadronic parameters and obtain the strong coupling constants involving the vector
meson ω by symmetry considerations, which are shown in Table 3. Such an approximation
is not crude, for example, if we study the masses and decay constants of the vector mesons
ρ0 and ω using the interpolating currents J
ρ
µ =
1√
2
(u¯γµu−d¯γµd) and Jωµ = 1√2(u¯γµu+d¯γµd)
respectively with the QCD sum rules, the resulting values are almost degenerate.
Appendix B
The spectral densities of the heavy baryon states Ξ∗Q, Ξ
′
Q, Σ
∗
Q and ΣQ at the level of
quark-gluon degrees of freedom,
ρAΞ∗
Q
(s) =
1
128π4
∫ 1
ti
dtt(t+ 2)(1− t)2(s− m˜2Q)2 +
ms〈s¯s〉
16π2
∫ 1
ti
dtt2 − ms〈q¯q〉
8π2
∫ 1
ti
dtt
+
ms〈s¯gsσGs〉
96π2
∫ 1
0
dttδ(s − m˜2Q) +
ms [3〈q¯gsσGq〉 − 〈s¯gsσGs〉]
96π2
δ(s −m2Q)
− m
2
Q
1152π2
〈αsGG
π
〉
∫ 1
0
dt
(t+ 2)(1 − t)2
t2
δ(s − m˜2Q) +
〈q¯q〉〈s¯s〉
6
δ(s −m2Q)
− 1
384π2
〈αsGG
π
〉
∫ 1
ti
dtt(2− t) , (33)
24
ρBΞ∗
Q
(s) =
mQ
128π4
∫ 1
ti
dt(t+ 2)(1 − t)2(s− m˜2Q)2 +
msmQ〈s¯s〉
16π2
∫ 1
ti
dtt− msmQ〈q¯q〉
8π2
∫ 1
ti
dt
+
msmQ〈s¯gsσGs〉
96π2
∫ 1
0
dtδ(s − m˜2Q) +
msmQ [3〈q¯gsσGq〉 − 〈s¯gsσGs〉]
96π2
δ(s −m2Q)
− mQ
1152π2
〈αsGG
π
〉
∫ 1
ti
dt
3t4 − 8t3 + 3t2 + 9t− 4
t2
+
mQ〈q¯q〉〈s¯s〉
6
δ(s −m2Q)
− mQ
1152π2
〈αsGG
π
〉
∫ 1
0
dt
t3 − 3t+ 2
t
m˜2Qδ(s − m˜2Q) , (34)
ρAΣ∗
Q
(s) =
1
128π4
∫ 1
ti
dtt(t+ 2)(1 − t)2(s− m˜2Q)2 +
〈q¯q〉2
6
δ(s −m2Q)
− m
2
Q
1152π2
〈αsGG
π
〉
∫ 1
0
dt
(t+ 2)(1 − t)2
t2
δ(s − m˜2Q)
− 1
384π2
〈αsGG
π
〉
∫ 1
ti
dtt(2− t) , (35)
ρBΣ∗
Q
(s) =
mQ
128π4
∫ 1
ti
dt(t+ 2)(1 − t)2(s− m˜2Q)2 +
mQ〈q¯q〉2
6
δ(s −m2Q)
− mQ
1152π2
〈αsGG
π
〉
∫ 1
ti
dt
3t4 − 8t3 + 3t2 + 9t− 4
t2
− mQ
1152π2
〈αsGG
π
〉
∫ 1
0
dt
t3 − 3t+ 2
t
m˜2Qδ(s − m˜2Q) , (36)
ρAΞ′
Q
(s) =
1
32π4
∫ 1
ti
dtt(1− t)3(s− m˜2Q)(5s − 3m˜2Q)−
ms〈q¯q〉
4π2
∫ 1
ti
dtt
+
ms〈s¯s〉
4π2
∫ 1
ti
dtt(1− t) [3 + sδ(s − m˜2Q)]
−ms〈s¯gsσGs〉
24π2
∫ 1
0
dtt
[
2 +
s
M2
]
δ(s − m˜2Q)
+
ms〈q¯gsσGq〉
16π2
δ(s −m2Q) +
〈q¯q〉〈s¯s〉
3
δ(s −m2Q)
+
1
96π2
〈αsGG
π
〉
∫ 1
ti
dt(4− 5t) + 1
96π2
〈αsGG
π
〉
∫ 1
ti
dt(1− t)m˜2Qδ(s − m˜2Q)
− m
2
Q
288π2
〈αsGG
π
〉
∫ 1
0
dt
(1− t)3
t2
[
2 +
s
M2
]
δ(s − m˜2Q) , (37)
25
ρBΞ′
Q
(s) =
3mQ
64π4
∫ 1
ti
dt(1− t)2(s− m˜2Q)2 −
msmQ〈q¯q〉
2π2
∫ 1
ti
dt+
msmQ〈s¯s〉
8π2
∫ 1
ti
dt
+
msmQ [6〈q¯gsσGq〉 − 〈s¯gsσGs〉]
48π2
δ(s −m2Q) +
2mQ〈q¯q〉〈s¯s〉
3
δ(s −m2Q)
+
mQ
192π2
〈αsGG
π
〉
∫ 1
ti
dt
[
−3− 2t+ 2
t2
]
− mQ
192π2
〈αsGG
π
〉
∫ 1
0
dt
(1− t)2
t
m˜2Qδ(s − m˜2Q) , (38)
ρAΣQ(s) =
1
32π4
∫ 1
ti
dtt(1− t)3(s− m˜2Q)(5s − 3m˜2Q) +
〈q¯q〉2
3
δ(s −m2Q)
+
1
96π2
〈αsGG
π
〉
∫ 1
ti
dt(4− 5t) + 1
96π2
〈αsGG
π
〉
∫ 1
ti
dt(1− t)m˜2Qδ(s − m˜2Q)
− m
2
Q
288π2
〈αsGG
π
〉
∫ 1
0
dt
(1− t)3
t2
[
2 +
s
M2
]
δ(s − m˜2Q) , (39)
ρBΣQ(s) =
3mQ
64π4
∫ 1
ti
dt(1− t)2(s− m˜2Q)2 +
2mQ〈q¯q〉2
3
δ(s −m2Q)
+
mQ
192π2
〈αsGG
π
〉
∫ 1
ti
dt
[
−3− 2t+ 2
t2
]
− mQ
192π2
〈αsGG
π
〉
∫ 1
0
dt
(1− t)2
t
m˜2Qδ(s − m˜2Q) , (40)
where m˜2Q =
m2
Q
t , ti =
m2
Q
s .
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